Morphological characteristics were studied in cytoplasmic male sterile (CMS) cybrids possessing the tobacco nuclear genome, Hyoscyamus niger plastome and recombinant mitochondria. After backcrosses with tobacco, new¯ower modi®cations were found, including: conversions of stamens into branched ®lamentous structures; alterations in the shape of petals and the corolla limb; and high degrees of reduction in most¯ower organs. Vegetative alterations (leaf elongation and stem branching) occurred in some cybrids. Results con®rmed that a protoplast fusion-based alloplasmic cytoplasm transfer, followed by conventional backcrosses, is a useful tool for generating alternative CMS sources with novel nucleo-cytoplasmic compositions. These alterations in the genetic status were accompanied by modi®ed¯oral and vegetative phenotypes.
INTRODUCTION
Cytoplasmic male sterility (CMS), a maternally inherited failure in reproductive ability of male gametophytes, can often be a desirable genetic trait because it increases the ef®ciency of hybrid seed production in plant breeding (Kaul, 1988) . CMS usually results from a genetically altered mitochondrial genome, owing to mutations or substitution of cytoplasm by sexual backcrosses (Hanson, 1991; Vedel et al., 1994; Elkonin and Tyrnov, 2000) . Genetic manipulation with CMS using multiple backcrosses is timeconsuming. Somatic hybridization was shown to be a feasible method for one-step transfer of existing CMS types within species (Belliard et al., 1978 (Belliard et al., , 1979 Davey and Kumar, 1983; Gleba and Sytnik, 1984; Kumar and Cocking, 1987; Vedel et al., 1994; Elkonin and Tyrnov, 2000) . Generation of CMS de novo is possible via interspeci®c cytoplasm transfer by protoplast fusions, but results are variable, with ef®ciency reported to be low (Aviv et al., 1984; Kumashiro et al., 1988) or high . Intergeneric cytoplasm transfer appears to be an effective method for producing a high frequency of CMS phenotypes and creating novel nucleo-cytoplasmic combinations from sexually incompatible, distant species (Melchers et al., 1992; Zubko et al., 1992 Zubko et al., , 1996 Dragoeva et al., 1998) .
We have previously described a novel morphological type of alloplasmic CMS designated the`green¯owers' trait (Zubko et al., 1996) . This extreme`homeotic' character generated de novo in cybrids Nicotiana tabacum (+Hyoscyamus niger) and N. tabacum (+Scopolia carniolica) is characterized by the complete depletion of stamens and petals in¯owers. Here, we report on new varieties of CMS phenotypes derived after parasexual transfer of the cytoplasm from a cybrid with`green¯owers' to tobacco, followed by sexual backcrosses. Also, we further characterize CMS¯ower and leaf morphologies in the cybrids N. tabacum (+Hyoscyamus niger).
MATERIALS AND METHODS

Plant material
Cybrids Nicotiana tabacum L. (+Hyoscyamus niger L.) possessing the nuclear genome of N. tabacum and the cytoplasm of H. niger were constructed by fusions of protoplasts from these parental species (Zubko et al., 1996) . Since N. tabacum was a plastome albino mutant, and protoplast-derived green colonies of H. niger had distinct morphological properties, the cybrids were selected as green colonies with the tobacco morphology.
Cybrid plants were grown either in vitro on basal MS medium (Murashige and Skoog, 1962) with 20 g l ±1 sucrose, or in soil. Plants were grown at 24±26°C, with a 14/10 h light/dark regime and a light intensity of 80±100 mmol m ±2 s ±1 (in vitro) or 150±180 mmol m ±2 s ±1 (in soil).
Backcrosses
Flowering cybrid plants were manually pollinated using pollen from wild-type N. tabacum`Wisconsin 38', provided kindly by Hermine Gelin-Kowallis (Berlin, Germany). Emasculation and isolation of pollinated¯owers were not necessary owing to complete male sterility of the cybrids. Seed from these backcrosses was germinated either in vitro Annals of Botany 92/2, ã Annals of Botany Company 2003; all rights reserved * For correspondence. E-mail mikhajlo.zubko@man.ac.uk or in soil to obtain progeny for analyses and further backcrosses. Seedlings germinated in vitro were transferred into soil when they had well-developed roots.
Scanning electron microscopy
For scanning electron microscopy,`green¯owers' with extremely reduced generative organs were collected from soil-grown cybrid plants, ®xed, and prepared by slow-speed freezing, as described previously (Adler et al., 1996) . Images were taken using a Digital Image Scanning System (DISS; point electronic GmbH, Halle/Saale, Germany) on a ®eld emission scanning electron microscope (HITACHI S4100) equipped with a cryostage CT1500 (Oxford Instruments, Oxford, UK). Images were processed by computer using PhotoFinish 3.0 and Word 6.0 software.
RESULTS
Construction of cybrids by substitution of cytoplasm
Cybrids Nicotiana tabacum (+Hyoscyamus niger) were generated in protoplast fusion experiments by a one-step cytoplasm transfer from a wild-type H. niger to a plastome albino mutant of N. tabacum (Zubko et al., 1996) . Three cybrid lines (Rhn1, Rhn2 and Rhn3) were regenerated after protoplast fusions. In addition, several repeated cybrids (Drhn lines) were generated by a re-transfer of the cytoplasm from Rhn1 cybrid to an albino plastome mutant DSR A15 (Svab and Maliga, 1986) . Chloroplast genomes in all primary and repeated cybrids were inherited from H. niger, and the mitochondrial genomes were recombined to different extents (Zubko et al., 1996) .
All cybrids manifested different types of CMS according to their¯ower morphology. The¯ower phenotypes of all cybrids are shown in Figs 1 and 2 and are described in Table 1 .
Flower phenotypes in Rhn plants and their progeny
In contrast to wild-type tobacco¯owers, which possess bell-like pink corollas surrounding stamens and pistil ( Fig. 1A and B ), cybrid line Rhn1 had large and complex green¯owers', which lacked a corolla and stamens (Fig. 1D) . These¯owers usually contained one large pistil, sometimes with an increased number of stigma segments. Instead of stamens, several internal`green¯owers' of smaller size were located around the pistil (Fig. 1E ). These internal`green¯owers' very often had their own smaller pistils. Backcrosses of Rhn1 with wild-type tobacco gave progeny with`green¯owers'. The capacity for seed formation after backcrossing was signi®cantly reduced in Rhn1. Only the central¯ower within these complex`green owers' formed capsules with seeds ( Fig. 1F ). Another line, Rhn2, possessed small`green¯owers', usually with one pistil of different size (Fig. 1G ). Very often these¯owers had extremely reduced generative organs (1±2 mm in size) that became brown and died within 1±2 weeks ( Fig. 1H and I). Only¯owers with longer pistils in the line Rhn2 were able to produce seed capsules after backcrosses with wildtype tobacco, but viable seed was not obtained. Flowers of Rhn3 cybrid (Fig. 1C) were similar in their general morphology to wild-type tobacco¯owers ( Fig. 1A and B) but they were cytoplasmically male sterile owing to the presence of limited amounts of unviable pollen in the anthers. The¯ower phenotype of Rhn3 plants was maternally inherited in backcrosses with wild-type tobacco. No alterations of this CMS phenotype were found among three to six sexual generations of the plants subsequently backcrossed with wild-type tobacco.
Flower phenotypes in Drhn cybrids
In most of the repeated cybrids (Drhn2, Drhn5, Drhn6, Drhn8 and Drhn9),¯owers were similar to those of the Rhn2 cybrid ( Fig. 1G±I ; Table 1 ). More detailed morphological analysis of this extreme phenotype showed the conversion of stamens into very small leaf-like structures ( Fig. 2A ). These were covered with abundant trichomes, which were of an unusual shape for tobacco (Fig. 2B ). The trichomes often consisted of four to six cells, with the upper cells tending to have horizontal cell divisions ( Fig. 2C ). Larger owers of this type that occurred in the Rhn2 line and in the Drnh-lines possessed longer pistils and easily detectable ovaries. Within 2±3 weeks after backcrosses with tobacco, seed-buds with an unusual accumulation of anthocyanins ( Fig. 1J and K) were formed in these¯owers, in contrast to the colourless seed-buds of tobacco ( Fig. 1L and M) . These cybrid¯owers never developed viable seeds. The pink seedbuds were more elongated (Fig. 1K ) than seed-buds of tobacco (Fig. 1M) .
Among the Drhn-cybrids, one line (Drnh3) developed owers with petals (Fig. 1N ). The symmetry of thesē owers and the morphology of their¯oral organs were irregular: corollas were often split; stamens displayed different degrees of petalloidal conversion; some sepals were partially petalloid; and stigmas possessed two to four segments. In backcrosses with tobacco, Drhn3-¯owers were ef®cient seed producers, and seeds generally developed into plants with regular CMS phenotypes (Fig. 1O±S) , denoted as Drhn3 Q W-1/25 (from a typical individual line). A different phenotype, denoted as line Drhn3 Q W-2/25, was found in the same backcross generation (Fig. 1T±X) . Both cybrid lines, Drhn3 Q W-1/25 and Drhn3 Q W-2/25, had funnel-like limbs of corollas ( Fig. 1P and U) , in contrast to the bell-like limb of the corolla in wild-type tobacco (Fig. 1A) and cybrid line Rhn3 (Fig. 1C) . Flowers of Drhn3 Q W-1/25 line were characterized by crimped petals (Fig. 1P and S), in contrast to the pointed petals of Drhn3 Q W-2/25 (Fig. 1X) . Stamens of Drhn3 Q W-1/25 were converted into branched yellow-green ®lamentous structures ( Fig. 1Q and R), whereas stamens of Drhn3 Q W-2/25 were transformed into leaf-like structures that were whitish-pink in colour ( Fig. 1V and W) . The edges of these structures were often converted into green stigmoidal bumps (Fig. 1W) . Corollas in¯owers of Drhn3 Q W-1/25 line were`ruptured' by the relatively early formation of pistils (Fig. 1O) , while the top edges of developing corollas in¯owers of the Drhn3 Q W-1/25 line were tightly closed and much longer (Fig. 1T) , as in tobacco¯owers.
Vegetative morphology of the cybrids
Apart from dramatic alterations in¯ower morphology, plants Rhn1 and Rhn2 had unusually elongated leaves, and there was a noticeable degree of variation in this trait in different vegetative subclones of the plants (Figs 3 and 4) . For quantitative characterization of this character, we calculated the leaf elongation factor (LEF), based on the ratio of leaf length to leaf width (Fig. 4) . Values of LEF for two distinct subclones of cybrid Rhn1 (LEF = 2´57 and 3´2) and cybrid Rhn2 (LEF = 2´29) are signi®cantly higher than those for tobacco (LEF = 1´62 and 1´75). The value for LEF in cybrid Rhn3, which possessed a tobacco-type corolla, was close to that of tobacco.
Following transmission of cytoplasm from Rhn1 to tobacco, the resultant Drhn-lines had elongated leaves, similar to those of Rhn1 plants (data not shown). At least in some of the plants derived from backcrosses of repeated cybrids Drhn3 and Drhn9 with wild-type tobacco, leaves were elongated. Two of these plants, Drhn3 Q W38-2/25 and Drhn9 Q W38, are shown in Fig. 3C and D. Progeny from the second backcross of line Drhn3 Q W38-2/25 also had elongated leaves (data not shown).
Plants Rhn1 and most of the repeated Drhn-cybrids displayed a pronounced degree of stem branching (Fig. 3) . This feature was also characteristic of backcross-derived progeny of line Drhn9 (Fig. 3C ).
DISCUSSION
We have described the patterns of¯oral and vegetative morphology that emerged de novo in cell-engineered alloplasmic cybrids N. tabacum (+H. niger). These phenotypic traits are associated with genetically novel types of CMS. The plants possess a nucleus of tobacco, and novel combinations of plastid and mitochondrial genomes derived from H. niger, a species that is sexually incompatible with Nicotiana. The transferred H. niger plastid genome was stably inherited in all examined progeny of the cybrids derived after backcrosses over several years. Initial cybrids and their backcross-derived progeny showed several patterns of rearrangement in mitochondrial (mt) DNA (Zubko et al., 1996 (Zubko et al., , 2001 ). The extensive recombination of mtDNA detected in the cybrids is a common phenomenon in cytoplasmic hybrids (Belliard et al., 1979; Gleba and Sytnik, 1984; Kofer et al., 1991) . Establishing CMS de novo in somatic hybrids/cybrids is usually associated with highly recombined mitochondrial genomes (Aviv et al., 1984; Melchers et al., 1992; Zubko et al., 1992 Zubko et al., , 1996 Dragoeva et al., 1998) . The recombinant mtDNA molecules might re¯ect optimization of mitochondrial functions into a newly formed nucleo-plastid-mitochondrial genetic background of a particular cybrid (Wolters et al., 1993) . Such adaptive mtDNA recombination does not seem to be strongly determined by taxonomic distances between parental mitochondrial genomes, since some taxonomically distant cybrids are self-fertile and show limited mDNA rearrangements (Zubko et al., 2002) .
The new morphological variants of CMS¯owers appeared in the cybrids after repeated parasexual transfer of the cybrid cytoplasm to tobacco followed by sexual backcrosses. The corolla-less N. tabacum (+Hyoscyamus niger) cybrid Rhn1 with CMS`green¯owers' and recombined mitochondria was used as a donor of cytoplasm for tobacco in a second round of protoplast fusions, with subsequent selection for green chloroplasts of H. niger (Zubko et al., 1996 (Zubko et al., , 2001 ). The incidence of`green¯owers', even if differently modi®ed, in most of the recovered repeated cybrids of the Drhn group revealed the possibility of genetic transmission of cytoplasmically controlled¯ower morphology in protoplast fusion experiments. The`green owers' character is the most dramatic alteration of tobaccō owers observed as a result of manipulations involving alien cytoplasm.
A few types of`green¯owers' have been discussed previously in terms of the genetic interactions between altered mitochondrial genomes and intact nuclear homeotic genes which re¯ect an altered mode of phenotypic expression of homeotic genes during¯ower organ formation (Zubko et al., 1996 (Zubko et al., , 2001 . Here, we have described another two features that illustrate the diversity of this cytoplasmic homeosis: (1) the partial conversion of stamens into pistilloid structures that occurred in corolla-containinḡ owers of the line Drhn3 Q W-2/25; and (2) the structurally reduced`green¯owers', described here for Rhn2 and most Drhn cybrids, manifested anthocyanin biosynthesis in ovules. This latter characteristic might be interpreted as a new example of altered nucleo-cytoplasmic control affecting the spatial tobacco anthocyanin accumulation strictly associated with petals (Weiss, 2000) . In the case of Drhn cybrids, the pigment synthesis is shifted to its accumulation in ovules of petal-less¯owers.
The phenotype of cybrid Drhn3, displaying corolla-typē owers with petalloid anthers, is obviously a result of less dramatic¯ower alterations which are quite common for interspeci®c nucleo-mitochondrial incompatibilities found during sexual (Gerstel, 1980; Nikova et al., 1991 Nikova et al., , 1997 Spangenberg et al., 1992) and parasexual (Aviv et al., 1984; Kofer et al., 1991; Vedel et al., 1994; Atanassov et al., 1998) transmission of cytoplasm. Plant Drhn3 with a perturbed¯oral morphology segregated two divergent¯oral phenotypes (Drhn3 Q W38-1/25 and Drhn3 Q W38-2/25). The segregation of the repeated cybrid into two phenotypes after backcrossing might result from heterogeneous mtDNA within the Drhn3 cybrid and sorting of this cytoplasm during the subsequent sexual cross.
Backcrosses were used as a tool to normalize the irregular phenotype and to generate phenotypic variability of¯owers. Variations in¯ower morphology associated with CMS could be bene®cial to the ornamental plant industry. These variations are based on altered nucleo-mitochondrial interactions and, therefore, are alternatives to those based on nuclear modi®cations by mutagenesis and genetic transformation. Strictly maternal inheritance of CMS types provides a basis for the production of stable CMS lines with a certain¯ower morphology, allowing these characteristics to be maintained after backcrosses with a number of desirable genotypes.
Altered morphological characteristics of¯oral organs, similar to some of those described here, were not only found in alloplasmic tobacco plants but also in transgenic tobacco lines over-expressing nuclear homeotic genes (Mandel et al., 1992) . Since nucleo-cytoplasmic interactions were suggested to modulate the expression of homeotic genes (Zubko et al., 2001) , more new¯ower varieties can be expected when using homeotic mutants and transgenics on oral homeotic genes for backcrossing CMS cybrids altered in¯ower morphology.
Leaf elongation and stem branching are striking features that were heritable after parasexual re-transmission of cytoplasm and backcrossing the repeated cybrids with wild-type tobacco. Mutations of different nuclear genes are known to in¯uence leaf shape implying multiple nuclear control of leaf morphology (Hofer et al., 2001) . In our experiments, repeated cybridization followed by backcrosses provided the nuclear background of wild-type tobacco in the cybrids. On this basis, we have shown for the ®rst time that heritable transmission of leaf morphology could be under cytoplasmic control in the tobacco nuclear background. This is the ®rst evidence that leaf morphology and stem branching could be subject to genetic manipulations by direct transmission of a genetically reconstructed cytoplasm via protoplast fusions, and that these traits could be transmitted to the progeny of sexual backcrosses. These two characters do not seem to be linked because in at least one line (Drhn3 Q W38-2/25) leaf elongation is manifested alone, independently of stem branching. The association of these phenotypic characteristics with the altered cytoplasm F I G . 4. Leaf elongation in cybrids. Leaf elongation factor (LEF) values were calculated as the mean leaf length : leaf width ratios of eight to ten leaves of every plant in the soil before¯owering. The plants used were: two cultivars of wild type tobacco (Nt-W38 and Nt-R100g); two vegetative subclones of the cybrid Rhn1 (Rhn1-1 and Rhn1-2); cybrids Rhn2 and Rhn3; cybrid Drhn3 Q W-2/25 (constructed by initial transfer of cytoplasm from line Rhn1-2). Three to four plants were analysed for lines Nt-W38, Nt-R100g, Rhn1-1, Rhn1-2, Rhn2 and Rhn3, and one representative plant was analysed for the line Drhn3 Q W-2/25.
suggests that cytoplasm is involved in specifying some aspects of both leaf and stem morphology. This implies a possible role for cytoplasmic genetic determinants in the evolution of morphogenesis. Restriction patterns of plastid DNA were identical and stably inherited for all the initial cybrids and their progeny tested to date, while the patterns of mtDNA were highly variable (Zubko et al., 1996 (Zubko et al., , 2001 ). These facts imply that the leaf elongation and stem branching described are probably under the control of rearranged mitochondrial genomes. Previous genetic studies have suggested the involvement of cytoplasm in determining leaf shape in Epilobium (Michaelis, 1954) and Antirrhinum (Bergbusch, 2002) . However, these studies did not attempt to attribute the control of leaf morphology to a particular cytoplasmic genome. Two issues should be taken into account when considering the impact of alloplasmic genes on plant development and metabolism. First, any conclusion based on the correspondence between a particular phenotype and certain alterations in cytoplasmic genetic status formally meets dif®culties owing to the presence of other (mitochondrial or plastidic) genetic compartments that might affect the phenotype as a result of organelle±organelle interactions, in addition to nucleo-cytoplasmic interactions (Zubko et al., 2001) . Secondly, it is unlikely that the genetic effects of cytoplasmic genes are direct; they are probably mediated metabolically/energetically. Consistent with this hypothesis is the report of decreased ATP : ADP ratios in¯oral buds, indicating the reduced energy availability in mitochondria of alloplasmic CMS plants with morphological¯ower alterations (Bergman et al., 2000) .
